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Abstract: Organic additives are required for alkaline zincate plating baths to obtain an acceptable
coating on steel for corrosion protection. The effects and possible interactions of three commercial
additives (Eldiem Carrier, Eldiem Booster, and Bright Enhancer 2× on zinc electrodeposition from
a high-concentration alkaline zincate bath were investigated. Visually acceptable deposits were
produced within the current density range of 130 to 430 A m−2 for most additive conditions examined.
Over concentration ranges examined, decreasing the booster concentration led to brighter zinc
deposits, and an interaction between the carrier and the booster was detected. The additives fostered
the formation of compact and adherent coatings as illustrated by scanning electron microscopy.
Throwing power and current efficiency were not impacted by the additives over the concentration
ranges examined. Linear sweep voltammetry proved that the additives increased the overpotential
for zinc deposition. The additive combination that produced the brightest deposit also demonstrated
the strongest adsorption of additives in linear sweep voltammetry.
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1. Introduction
Steel’s strength, ductility, and low cost have made it a preferred choice in the construction and manufacturing of a wide variety of structures. A major disadvantage of steel is
that it corrodes when exposed to oxygen and moisture. To overcome this disadvantage,
steel is coated with a less corrosive metal, paint, or enamel to provide corrosion protection.
Zinc provides excellent protection to steel due to its relatively slow corrosion rate over a
wide range of conditions [1].
The most common industrial methods for zinc coating of steel are hot-dip galvanizing
and electrogalvanizing. Continual technological improvements make it difficult to conclude
in favor of one process over the other. However, hot-dip always includes some surface
alloying by diffusion, and the deposit thickness is less easily controlled than in electrogalvanizing [2]. Electrogalvanizing is performed at a lower temperature than hot-dipping
and does not affect the mechanical property of the steel substrate. It can also produce a
uniform, bright, and adhering coating to the steel. Electrogalvanizing is often preferred
over hot-dipping when a decorative finish is desired [3].
Cyanide-based zinc baths dominated the electrogalvanizing industry for many years
due to their efficiency and ease of utilization, but their use has gradually declined over time
due to the toxicity of cyanide and increasingly stringent environmental regulations [4,5].
For these reasons, there has been a shift towards the use of less toxic acid zinc and alkaline
zincate (noncyanide) baths.
Alkaline zincate baths solve the problems of toxicity of cyanide-based baths and the
inherent corrosivity of acid baths on equipment while exhibiting a reasonable throwing
power [6,7]. However, the absence of the complexing effect of cyanide results in the
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production of powdery nonadherent deposits from alkaline zincate baths [8]. To produce
smooth and adherent zinc coating, plating additives are required in alkaline zincate baths.
The most common plating additives are classified as carriers, levellers, and brighteners [9]. Classifications are based on the properties of additives (such as chemical nature)
and their impact on the zinc electrodeposit, such as grain refiner and smoothing agent [9].
Positively charged additives can assist the negatively charged zincate ion approach and
absorb onto the negatively charged cathode [10]. For alkaline zincate baths, carriers such as
polyvinyl alcohol [11,12], polypropylene imine, and sodium potassium tartrate [13] polarize
the cathode, which results in grain refinement. While carriers refine the grains, they do not
necessarily produce a bright finish [14]; therefore, brighteners are used to complement the
effect of the carrier to produce a bright deposit [15]. Polyamines [16,17] and aldehyde [18]
are widely used as brightening agents in alkaline zincate baths. Levellers adsorb onto high
points during deposition to promote deposition in recesses, which tends to result in a more
uniform coating thickness [17]. Condensation products such as amines and aldehydes have
been used to produce additives that have both brightening and levelling capabilities [19].
Additives are known to have synergistic effects on the microstructure and appearance of
zinc coatings [20,21]. The specific chemical compounds used as additives in large industrial
alkaline zinc plating facilities are proprietary.
The zinc and sodium hydroxide concentrations of alkaline zincate baths also have
profound effects on the nature of the deposit. Typical concentration ranges are 6 to 22 g L−1
zinc and 60 to 150 g L−1 NaOH [8]. According to Wantotayan et al. [22], Zn and NaOH
concentrations affect the coating thickness and throwing power. Sodium hydroxide also
influences the conductivity of the bath and current efficiency. Nayaka and Venkatesha [19]
studied the effect of Zn and NaOH on the current density range, which produced acceptable
deposits and determined that increasing the Zn and NaOH content widened the operating
window.
Scott and Moats [23] studied the effects of low concentrations of three commercial
additives: Eldiem Carrier, Eldiem Booster, and Bright Enhancer 2x (leveller) in an unusually
high Zn (37.5 g L−1 ) and NaOH (210 g L−1 ) bath relative to other literature sources. The
study revealed that improvements to the zinc deposit appearance could be made, but none
of the conditions examined produced desirable bright and shiny deposits. Therefore, in this
study the same commercial additives and bath chemistry were used but at higher additive
concentrations. Both the individual and synergistic effects of these commercial additives on
deposit brightness, cathodic polarization, throwing power, current efficiency, and surface
morphology were investigated.
2. Materials and Methods
Plating baths or electrolytes were prepared by dissolving high-purity zinc balls
(Belmont Metals, New York City, NY, USA) into a NaOH solution. Analytical-reagentgrade NaOH (Fisher Chemicals, Hampton, NH, USA) and deionized and distilled water
(18.3 MΩ.cm) were used to prepare the solution. The solution was then treated with special
high-grade (SHG) zinc dust (Purity Zinc Metals) at a concentration of 3 g L−1 . After mixing
the dust with the solution for 120 min at room temperature, the solution was filtered using
Whatman grade 1 qualitative filter paper to remove any residual solids. Electrolysis using
a mild steel anode and stainless-steel cathode was then performed with the filtrate at a
current density of 10 A m−2 for 5 h to further rid the solution of metal contaminants. The
zinc and sodium hydroxide concentrations were determined by titration and then diluted
to 37.5 g L−1 zinc and 210 g L−1 NaOH using de-ionized water.
Three commercial additives—Eldiem Carrier, Eldiem Booster, and Bright Enhancer 2×
(leveller)—were used in this study without further purification. The plating additives were
added to the electrolyte and preheated for 60 min prior to each experiment. All experiments
were performed at 40 ◦ C (±2 ◦ C).
A target ratio of 5:2:1 for carrier, leveller, and booster, respectively, was indicated by
Scott as producing the best zinc finish at low total additive concentration (~0.07%) [24].
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Preliminary Hull cell experiments were performed using the 5:2:1 additive ratio with total
additive concentrations at 1%, 2%, 3%, and 4%, which are more typical of commercial levels
for other additive systems [8]. From these results, 1% (bath I) additive concentration with a
ratio of 5:2:1 was selected as the center point for a 23 full factorial design of experiments
to examine the individual effects of these additives along with possible interactions [25]
on Hull cell plating appearance, deposit structure, throwing power, current efficiency, and
electrochemical response. Low and high values were selected at −50% and +50% of the
midpoint concentrations producing the design of experiments shown in Table 1.
Table 1. Additive concentrations of baths used in this study.
Bath

Carrier (mL/L)

Leveller (mL/L)

Booster (mL/L)

I
II
III
IV
V
VI
VII
VIII
IX

6.25
9.38
3.13
9.38
9.38
3.13
9.38
3.13
3.13

2.50
3.75
3.75
3.75
1.25
1.25
1.25
1.25
3.75

1.25
0.63
0.63
1.88
1.88
1.88
0.63
0.63
1.88

2.1. Hull Cell Studies
A 267 mL Lucite Hull cell (Kocour, Chicago, IL, USA) was used with a mild steel mesh
anode. The cathode was a zinc-coated 1010 steel panel with dimensions of 10 cm × 7.6 cm.
Prior to each experiment, the cathode was dipped in 50% v/v HCl to strip off the zinc
coating and then rinsed with DI water until a water-break-free surface was observed. A
current of 2 A was applied using an Extech (Model 382275, Nashua, NH, USA) for 5 min
without external electrolyte agitation. After plating, the cathode was rinsed with deionized
water, dipped in 0.5% nitric acid for 10 s, and then rinsed again with deionized water. The
rinsed sample was air-dried to avoid water stains on the zinc coating.
2.2. Zinc Coating Characterization
The surface morphology of the Hull cell deposits at the 320 A m−2 location was
examined using TESCAN-ASCAT scanning electron microscopy (Tescan, Brno, Czechia)
operated at 20 kV.
Deposit (215 to 325 A m−2 range on Hull cell cathode) brightness was measured using
a BYK micro-TRI-gloss glossmeter (BYK, Wesel, Germany) at a measurement angle of
85◦ . Specular reflection occurs at the surfaces of reflecting objects, and this is attributed to
glossiness [26].
2.3. Electrochemical Experiments
Electrochemical tests were performed in a three-electrode cell. A rotating 316 L
stainless-steel working electrode disc (5 mm diameter), platinum mesh counter electrode,
and mercury/mercury sulfate (MSE) reference electrode were used. The reference electrode
was placed in a Luggin tube filled with the test solution. The tip of the Luggin tube was
1.5 cm from the surface of the working electrode. The working electrode was rotated at
500 rpm to minimize mass transport limitations. The solution was sparged with nitrogen
gas for 10 min to remove oxygen before each experiment. The working electrode was
pre-plated with zinc for 5 min using a current density of 320 A m−2 . Then linear sweep
voltammetry (LSV) was employed by scanning the working electrode potential from −1.9
to −2.2 V vs. MSE at a scan rate of 1 mV/s. The electrochemical tests were performed using
a Gamry 3000 potentiostat (Gamry Instruments Inc, Warminster, PA, USA).
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tration shows a negative effect, hence a decreasing booster concentration enhanced brig
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depressions are believed to be caused by hydrogen gas formation. The simultaneous evolution of hydrogen and reduction of zinc at the cathode resulted in depressions due to gas
bubbles remaining on the zinc deposit. The growth of rougher zinc within the depressions
is observed in several images in Figure 4. It is proposed that hydrogen evolution can lead
to desorption of adsorbed additives, which in turn promotes the deposition of rougher zinc
at those locations. Bath III had the least number of bumps and hydrogen evolution sites,
which is believed to have caused the highest gloss value measured in this study.
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strength of the additives in the zincate baths with a more negative potential reveals a
stronger bond and in turn the ability to produce smoother and brighter zinc surfaces.
The rapid increase in current observed in region E2 is believed to be caused by the
desorption of additives due to hydrogen evolution [28]. The slope observed in the polarization curve of the additive free bath is similar to the slopes in region E2, which indicates
8 of 11
that the possibility of the rate of zinc reduction is no longer being controlled by the plating
additives in the region.
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3.4. Throwing
Power and
Cathodic
Current
1 to E2 Efficiency
of the
additives
on
the
zinc
surface.
Bath
(the brightest cell
surface)
has the most
negative
Throwing power (TP) as measured inIII
a Haring–Blum
and cathodic
current
effitransitional
potential,
while
baths
VI
and
IX
(the
dullest
surfaces)
are
the
most
positively
ciency (CE) were measured at 305 A m−2 (anodic current density for a Haring–Blum cell
shifted
curves
in region
E2 . These
shifts in potential
reveal TP
thatand
the CE
adsorption
and
cathodic
current
density
for a two-electrode
cell (or
for energy)
CE). Average
values
strength
of
the
additives
in
the
zincate
baths
with
a
more
negative
potential
reveals
measured for the nine plating baths with additives (see Table 1) are presented in Table 3. a
stronger bond and in turn the ability to produce smoother and brighter zinc surfaces.
rapid increase
in current
in region
believed
towith
be caused
the
2 isplating
Table The
3. Throwing
power and
cathodic observed
current efficiency
for Ethe
baths
additiveby
con−2 at the
desorption
of additives
due
to hydrogen
evolution
slope
observed
in the polarcentrations
provided
in Table
1 with
a current density
of 305[28].
A mThe
anode
in the Haring–Blum
ization
curvepower)
of theand
additive
free bath
istwo-electrode
similar to thecell
slopes
in region
E2 , which
indicates
cell
(throwing
the cathode
in the
(current
efficiency).
Base electrolyte
that the possibility
is no
conditions
were 37.5 gof
L−1the
Znrate
and of
210zinc
g L−1reduction
NaOH at 40
°C.longer being controlled by the plating
additives in the region.
Bath
Throwing Power (%)
Current Efficiency (%)
I
23Current Efficiency
99
3.4. Throwing
Power and Cathodic
II
24
Throwing power (TP) as measured in a Haring–Blum cell and99
cathodic current effi18 A m−2 (anodic current density for
99a Haring–Blum cell
ciencyIII(CE) were measured at 305
IV
30 a two-electrode cell for CE). Average
99 TP and CE values
and cathodic
current density for
measured
in Table 3.
V for the nine plating baths
37 with additives (see Table 1) are presented
98
VI
29
98
Table VII
3. Throwing power and cathodic
32 current efficiency for the plating baths
98 with additive concen−
2
trations
VIIIprovided in Table 1 with a30current density of 305 A m at the anode
99 in the Haring–Blum
cell (throwing
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and
the
cathode
in
the
two-electrode
cell
(current
efficiency).
Base electrolyte
IX
21
98
conditions were 37.5 g L−1 Zn and 210 g L−1 NaOH at 40 ◦ C.
Bath

Throwing Power (%)

Current Efficiency (%)

I
II
III
IV
V
VI
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23
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29
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21

99
99
99
99
98
98
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The baths exhibited
high exhibited
CE due tohigh
the high
concentrations
of Zn and NaOH.
The baths
CE due
to the high concentrations
of ZnHigher
and NaOH. H
sodium hydroxide
concentration
the decreased
hydrogen the
ion hydrogen
activity, which
resulted
in result
sodium
hydroxide decreased
concentration
ion activity,
which
high current efficiency.
High
zinc concentration
increases the concentration
of electroac- of elect
high current
efficiency.
High zinc concentration
increases the concentration
tive ion, whichtive
results
improvement
the efficiency
deposition
[22,33,34].
At [22,33,34
ion,in
which
results in in
improvement
in of
thezinc
efficiency
of zinc
deposition
−2
305 A m−2 , the 305
additives
did
not
have
any
observable
effect
on
CE.
A m , the additives did not have any observable effect on CE.
An ANOVA of the
results waspower
performed
with
findings presented
An throwing
ANOVA power
of the throwing
results
wasthe
performed
with the findings
graphically in Figure
The largestineffect
on6.throwing
power
was
by the was
leveller
sented6.graphically
Figure
The largest
effect
on generated
throwing power
generated b
concentration. While
the leveller
concentration
decreased
the throwing
power the thro
levellerincreasing
concentration.
While increasing
the leveller
concentration
decreased
on average over
the range
studied,
this
not statistically
significant
at α = 0.05.
power
on average
over
theeffect
rangewas
studied,
this effect was
not statistically
significant a
Throwing power
has
been found
to depend
plating
parameters,
such parameters,
as zinc concen0.05.
Throwing
power
has beenon
found
to depend
on plating
such as zinc
tration, pH, current
density,
temperature,
and plating
durationand
[35–37];
andduration
other studies
centration,
pH,
current density,
temperature,
plating
[35–37]; and o
have shown that
additives
can
improve
throwing
power
in
zincate
baths
[38].
studies have shown that additives can improve throwing powerHowever,
in zincate baths
over the concentration
ranges
examined
for these
specific
additives,
no correlation
was no cor
However,
over the
concentration
ranges
examined
for these
specific additives,
made between tion
throwing
power
and additive
concentrations
or interactions.
was made
between
throwing
power and additive
concentrations or interactions

Figure
(a) Pareto
chartprobability
and (b) normal
plot of the
standardized
effects
Figure 6. (a) Pareto
chart6.and
(b) normal
plot probability
of the standardized
effects
of additives
on of additiv
throwing
power.
throwing power.

4. Conclusions4. Conclusions
The effects andThe
interactions
of interactions
three commercial
additives
(Eldiem
Carrier,
Eldiem
effects and
of three
commercial
additives
(Eldiem
Carrier, El
1 −1and
Booster, and Bright
2×
) in a strong
bath (Zn
37.5
g Lg−L
Booster,Enhancer
and Bright
Enhancer
2×) in azincate
strong zincate
bath=(Zn
= 37.5
and NaOH
NaOH = 210 g Lg−L1 −1
) on
) ondeposit
depositbrightness
brightnessand
andmorphology,
morphology,cathodic
cathodicpolarization,
polarization,throwing
throwing power
power, and current
efficiency
were
concentrationsthan
thanpreviously
previously
current
efficiency
wereexamined
examinedat
at higher
higher concentrations
reported i
reported in theliterature.
literature.Analysis
AnalysisofofHull
Hullcell
celldeposits
deposits
showed
a
booster
concentration,
showed a booster concentration, and the int
and the interaction
tion between
between booster
booster and
andcarrier
carrierconcentrations
concentrationshad
hadsignificant
significanteffects
effectsonon brigh
−2−2. Increasing the booster
brightness within
a
current
density
range
of
215
to
325
A
m
within a current density range of 215 to 325 A m . Increasing the booster concentr
concentration from
resulted in an average
from0.63
0.63mL/L
mL/L to
to 1.88
1.88 mL/L
mL/L resulted
average decrease
decrease in
in the
the gloss
gloss value o
value of the deposits
produced.
TheThe
decrease
in brightness
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mitigated
by by
increasing
thethe conce
deposits
produced.
decrease
in brightness
was
mitigated
increasing
concentration oftion
theofcarrier
from from
3.13 mL/L
to 9.68
mL/L.
the carrier
3.13 mL/L
to 9.68
mL/L.
The concentrations
of the additivesofhad
statistically
significant
effect
(at 95% confiThe concentrations
theno
additives
had no
statistically
significant
effect (at 95%
dence) on throwing
power
and
current
efficiency.
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concentration
had
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fidence) on throwing power and current efficiency. Leveller concentration had the str
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effect on throwing
power.onCurrent
efficiency
305 A efficiency
m−2 was 98%–99%
for
all conditions
est effect
throwing
power. at
Current
at 305 A m
98%–99% for all co
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tions examined.
As expected, scanning
electron
microscopy
revealed
that rougher
correlated
As expected,
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microscopy
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that rougher
deposits corre
with duller (less
gloss
value)
appearance.
presence of
circular
depressions
with
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appearance.
The
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zinc deposit
plating.during
Zinc plating.
nodules Zinc
werenodules
hydrogen
bubbles
to theduring
zinc deposit
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commonly found in the circular depressions, indicating that hydrogen evolution may be
disrupting the additives’ ability to produce smooth deposits.
Voltammetry indicated that additives significantly polarized the zinc deposition reaction. The potential at which additives desorb and/or hydrogen evolution commences
appears to correlate with the presence of nodules on the zinc surface and thus deposit
brightness on a qualitative basis.
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